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I ntrod ucti on 
Use of fertilizers to obtain high yields from commercial crops is a common 
practice. Nitrogen nutrition has proven to be essential for crops like corn 
(Zea mays L.) that otherwise would produce very low yields. Although application of 
N in forms available for plant uptake is the easiest solution, there are certain 
considerations that must be dealt with. They are mainly related to losses of the 
fertilizer after application to the soil, affecting the expected yield of the crop. 
Plants can absorb N in two forms: ammonium-N (NH/-N) or nitrate-N 
(N03--N). Both forms can be applied as fertilizers. The NH/-N form is less 
susceptible to losses because it is attracted to the cation exchange capacity of soils. 
Nitrate-N is easily lost from soils by leaching or denitrification. Application of NH/-N 
does not solve the problem because this form is rapidly transformed to N03--N by 
bacteria of the genera Nitrosomonas and Nitrobacterthrough nitrification. 
A delay of the nitrification process can be achieved by using nitrification 
inhibitors, allowing more time for crops to uptake fertilizer applied as NH/-N. This 
can increase N use efficiency by increasing crop yields and diminishing N losses 
that may cause environmental contamination. Nitrapyrin, 2-chloro-6-(trichloromethyl) 
pyridine (NP), a commonly used nitrification inhibitor, is evaluated in this study. 
Previous evaluation in many different conditions has been documented in 
scientific literature. Research papers are mostly based on short-term experiments 
with 2 or 3 years of data. In fine-textured soils, the varying results observed do not 
give enough information to create reliable management practices using NP. A 
concern for the performance of NP in fine-textured soils and spring pre-plant 
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applications motivates the study referred to in this paper. In addition, a long-term 
study is necessary to determine if the use of NP will result in economic advantage in 
the long term for these specific conditions. 
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Literature Review 
Use of nitrification inhibitors in agriculture has been studied extensively. This 
practice may help improving N use efficiency in crop production resulting in 
environmental benefits as well as increased profitability and crop quality (Wolt, 2000; 
Sahrawat, 1989). Application of NH/-N fertilizers with nitrification inhibitors has been 
called a best management practice that improves N fertilizer use efficiency (Wolt, 
2000; Yadav, 1997) and diminishes negative environmental effects caused by N 
mobilization in agro-ecosystems (Wolt, 2000). 
For more than 25 years, NP has been used to reduce the nitrification rate of 
NH4 + fertilizers (Wolt, 2000). Nitrapyrin selectively inhibits Nitrosomonas spp., 
stopping the conversion of NH4 + to NO£ (Wolt, 2000) and therefore the entire 
nitrification process. Nitrate, the product of nitrification, is easily lost from soils by 
leaching and denitrification (Myrold, 1998). On the other hand, NH4 + is retained on 
the cation exchange capacity of soils, and thus is not prone to leaching (Hoeft, 
1984 ). Denitrification will not occur unless there is N03- present. Ammonium is not 
subject to denitrification (Myrold, 1998). Therefore, maintaining the NH/-N form in 
the soil decreases susceptibility for N leaching and denitrification (Walt, 2000; Hoeft, 
1984; Kapusta and Varsa, 1972). 
Increasing crop yields is one of the main reasons to consider use of a 
nitrification inhibitor. Use of NP in corn does not always increase grain yields even if 
initial nitrification rates are decreased (Touchton et al., 1979c). Factors influencing N 
loss should be considered. Increase in yield is normally related to effective 
nitrification inhibition and reduction of N losses (Chancy and Kamprath, 1982; 
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Hendrickson et al., 1978). Because of decreased nitrification rates, yield increase 
may be observed when using nitrification inhibitors (Kapusta and Varsa, 1972). If 
N03- leaching or denitrification does not occur, use of NP may not increase yield at 
recommended N fertilization levels (Touchton et al., 1979c). Nelson and Huber 
(1980) indicate that an NP-induced increase in yield or plant N status may not be 
observed when one or more of these conditions apply: 1) plant-available N is not a 
limiting factor, 2) N losses are small, or 3) N application is more than crop N 
demand. 
Contamination of surface or subsoil waters by N03- can occur if an excess of 
N is applied. Nitrate leaching in laboratory and field experiments has been reduced 
between 7 and 27% when -using NP combined with NH/-N sources (Wolt, 2000). 
Inability of the crops to take up the plant-available N can result in N03- loss in 
moving waters. Use of NP should be balanced with the expected N demand in order 
to avoid delayed leaching of N not used by the crop {Timmons, 1984; Wolt, 2000). 
Some of the N fertilizer not used by corn crops is lost during the fall-to-spring period 
(Sanchez and Blackmer, 1988). 
Denitrification can be a cause of N loss from soils. Onset of anaerobic 
conditions in wet soils is the most important factor controlling denitrification, followed 
by availability of N03- (Myrold, 1998, p. 285-286). Nitrapyrin does not inhibit 
denitrification directly (Bremner and Yeomans, 1986) but slows down this process by 
keeping Nin the NH/ form (Kapusta and Varsa, 1972; Rochester et al., 1996; Wolt, 
2000), which is not susceptible to denitrification (Myrold, 1998, p. 282; Rochester et 
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al., 1996). Rochester et al. ( 1996) and Liu et al. ( 1984) have documented 
experiments in which NP has decreased N losses due to denitrification. 
Effective nitrification inhibition by NP depends on many factors. Some of 
these are persistence of NP in the soil, soil organic matter content, time of 
application, soil texture, drainage, rainfall or irrigation, soil pH, temperature, and 
application method. 
Persistence of NP in the soil will affect its effectiveness in delaying 
nitrification. Walt (2000), referring to Unger et al. (1981) and Regoli et al. (1976), 
states that apparent first-order half-life for NP ranged between 5 and 42 days in soils 
with varied physicochemical properties that were incubated in laboratory conditions. 
Field half-life is reported from 5 to 89 days. These numbers refer to NP losses due to 
sorption and degradation, but do not include losses due to volatilization (Laskowski 
et al., 1971, and Oliver et al., 1987 cited by Walt, 2000). 
Nitrapyrin sorption in soils is positively correlated with soil organic matter 
content. Sorption of NP is low or moderate when first applied to soils, but increases 
markedly with time (Walt, 2000). High soil organic matter content increases NP 
sorption and decreases its effectiveness {Hendrickson et al., 1978; Briggs, 1975; 
Goring, 1962; Keeney, 1980). 
Application of NH/-N with NP to conserve soil N consistently has better 
results in northerly climates with fall applications (Walt, 2000). Effectiveness of 
nitrification inhibitors is more evident when N is fall applied {as compared to spring 
applications) and when N fertilizer is applied at or below optimum rates {Walt, 2000; 
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Hoeft, 1984 ). When using N rates greater than the ones required for optimum yields, 
benefits are less likely to occur if nitrification inhibitors are used (Hoeft, 1984 ). 
Effectiveness of NP varies greatly among soils· and is higher in 
coarse-textured soils (Bundy and Bremner, 1973). Malzer et al. (1989) also state 
that nitrification inhibitor benefits are greater in coarse-textured soils. The response 
on fine-textured soils should be rather limited (Prasad and Power, 1995; Hoeft, 
1984). 
Hoeft (1984) states that poorly drained soils or soils that would remain 
flooded frequently for three or more days during the spring will benefit from 
nitrification inhibitors. 
The amount of rainfall or irrigation that the crops receive is an important factor 
affecting response to nitrification inhibitors. When the amount of water is not enough 
to promote Noa- leaching or denitrification, the response should be limited, if any 
occurs (Prasad and Power, 1995; Touchton et al., 1979c). A great potential benefit 
from nitrification inhibitors can be expected on sandy soils receiving excess water 
from irrigation or rainfall (Prasad and Power, 1995; Hoeft, 1984 ). 
Although pH has little effect on NP hydrolysis or sorption (Hendrickson et al., 
1978; Laskowski, 1972), effectiveness of NP decreases as soil pH increases 
(Touchton et al., 1979b; Goring, 1962). 
Temperature also affects NP performance. Bundy and Bremner (1973) 
observed that NP and other nitrification inhibitors were more effective at 15°C than 
at 30°C. Goring (1962) and Touchton et al. (1979b) reported similar results and 
mentioned that effectiveness of NP decreases as temperature increases. 
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Losses of NP due to volatilization depend mainly on the method of 
application. Surface application of nitrification inhibitors can lose effectiveness due to 
volatilization (Keeney, 1980; Briggs, 1975). Provisions should be taken in order to 
maximize incorporation of NP into the soil. Lack of adequate incorporation will 
reduce considerably the amount of NP in the soil, hence not inhibiting nitrification 
effectively. Wolt (2000) states that immediate incorporation or injection of NP into the 
soil is required. 
Nitrification inhibitors are effective in reducing nitrification of NH/-N under 
field conditions as documented by Hendrickson et al. (1978), Kapusta and Varsa 
(1972), Touchton et al. (1978), and Touchton et al. (1979a). Poor results have also 
been reported (Boswell et al., 1976; Westerman et al., 1981 ). The variable results 
reported by different authors could be due to factors that influence N03- losses from 
soil or factors that influence the ability of NP to control nitrification (Touchton et al., 
1979c). 
In a study by Stehouwer and Johnson (1990), no effect was observed on corn 
yield when NP was spring applied with anhydrous ammonia. Less consequential 
losses were observed through denitrification or leaching with fall applied NH4 + -N with 
NP, when compared to fall-applied treatments with no NP. Fall applied NH/-N 
without NP rendered lower yields than plots where NP was used. 
Kapusta and Varsa (1972) reported a corn yield increase when NP was 
spring-applied with anhydrous ammonia. They suggest that substantial denitrification 
early in the growth period caused the lower yield in the plots with no NP. They also 
state that fall-applied NP did not affect corn yield for the high N rates one of the 
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years, but it did at a lower N rate. At this last rate, yields were about the same as the 
yields for the spring applied plots. 
In a 2-yearstudy with urea and NP in corn, Touchton et al. (1979a) observed 
one treatment where yield increased and one where it decreased when using NP. 
Although NP was effective in decreasing rates of nitrification in fall and spring 
applied urea, no specific trends were evident when analyzing yield, N concentration, 
and N uptake data. No favorable conditions for leaching or denitrification were 
present either year. 
Blackmer and Sanchez (1988), working with anhydrous ammonia and NP in 
corn, observed statistically significant effects of NP on yield only in 2 of 12 
rate-site-years, and the effect was negative. Increase of tissue N content to above 
critical levels when no yield increase was observed, suggested to the researchers 
that NP could cause adverse effects on plant growth under certain conditions. 
Mid-season moisture stress limited maximum grain yield in this study. The authors · 
mentioned increased susceptibility of plants to moisture stress, or ammonia induced 
toxicity, as possible causes of the negative effects from NP. 
Chancy and Kamprath (1982) experimented for 2 years on sandy soils with 
ammonia fertilizers and NP. The first year little effect associated with NP was 
observed on leaf N concentration, grain yields, plant N accumulation, or plant N 
recovery. In the second year, significant increases were observed for all those 
variables in the plots where pre-plant urea with NP was applied. The authors relate 
those increments to the leaching conditions present that year. 
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The majority of the research that deals with use of NP is based on studies of 
2 to 3 years length. No consistent response to NP has been observed in 
fine-textured soils. The question that remains unanswered is if a positive economic 
effect will result by using NP in corn for an extended period of years. The main target 
is to find if the expenses incurred in years where no response is observed will be 
covered by the profits of years where a response is observed, resulting in a higher 
income by the end of the period. The fact that no research papers address this issue 
motivated the present study. A 10-year period where response of corn to NP is 
evaluated in two crop rotations should offer enough information to determine its 
effectiveness in fine-textured soils under the varying climatic conditions present year 
after year. 
The objective of this research is to determine if the long-term effects of annual 
pre-plant, spring application of NP results in economic benefit when used for corn, in 




This experiment was established in 1991, and was evaluated from 1991 to 
1994. Crop rotations were continuous corn and corn after soybean. The experiment 
was located at the Woodruff Farm, about 1 mile South of Ames, IA. The crops were 
planted on a Clarion Loam Soil (Fine-loamy, mixed, superactive, mesic Typic 
Hapludoll) (Soil Survey Division, 2002). The two crop rotations were planted side by 
side. The experiment was arranged as a split-plot in a randomized, complete block 
design with four replications. The previous crop (1990) was soybean. Plot size was 3 
by 12 m with rows spaced 0. 75 m apart. The main plot treatments were NP rates of 
0 and 0.56 kg ai ha-1• The sub-plots were N rates of 0, 45, 90, 135, and 
180 kg N ha-1 for corn following soybean. For the continuous corn rotation, the N 
rates were 0, 56, 112, 168, and 224 kg N ha-1• 
Soil samples were collected from the top 15 cm of soil before applying 
treatments. Soil organic matter, pH, P, and K were determined by the Iowa State 
University Soil Testing Laboratory using the methods prescribed for the North 
Central Region by the NCR-13 Regional Committee on Soil Testing and Plant 
Analysis (Brown, 1998). Results are listed in Table 1. 
Soil samples also were taken in 30 cm increments from 0 to a depth of 90 cm 
before treatments were applied. Ammonium-N and N03-N were measured. The 
procedures followed are described in the Soil nitrogen analysis Section in this 
Chapter. Results are listed in Table 2. 
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Table 1. Soil chemical properties of the 0 to 15 cm layer at the Wood ruff Farm ( 1991 
to 1994 ~ before appl~in9 treatments. 
Year Rotation Organic Matter pH p K 
g kg-1 mg kg-1 mg kg-1 
1991 cca 38 5.05 81 166 
1992 cc 38 5.55 56 155 
1993 cc 38 5.60 59 140 
1994 cc 35 5.80 51 118 
1991 C-Sbb 35 5.14 50 133 
1992 C-Sb 41 5.50 51 130 
1993 C-Sb 41 5.60 46 130 
1994 C-Sb 40 6.20 56 135 
a CC = continuous corn 
b C-Sb = corn after soybean 
Table 2. Soil NH4-N and N03-N of 30 cm soil samples, down to 90 cm at the 
Woodruff Farm, from 1991 to 1994, taken before treatment application. 
Year Rotation NH4·N N03-N 
0-30 cm 30-60 cm 60-90 cm 0-30 cm 30-60 cm 60-90 cm 
k -1 ------------ mg g ------------ k -1 ------------ mg g . ------------
1991 cca 2.3 1.6 1.3 4.5 3.3 3.5 
1992 cc 13.6 7.5 6.9 6.2 5.2 8.6 
1993 cc ndb nd nd nd nd nd 
1994 cc 10.4 7.2 5.8 10.2 5.5 4.4 
1991 C-Sbc 2.2 1.7 1.8 4.7 3.6 3.6 
1992 C-Sb 12.1 7.2 6.3 7.7 6.5 9.8 
1993 C-Sb nd nd nd nd nd nd 
1994 C-Sb 11.9 6.9 5.7 12.5 4.9 4.3 
a CC = continuous corn 
b nd = not determined. Sampling was not possible due to very wet conditions. 
c C-Sb = corn after soybean 
12 
ISU Curtiss research farm 
In 1995, Woodruff farm experiment was discontinued, and a second 
experiment was established at the ISU Curtiss Research Farm, 2 miles southwest of 
Ames, Iowa. This experiment was evaluated from 1995 to 2000. The soil is a Nicollet 
loam (Fine-loamy, mixed, superactive, mesic Aquic Hapludoll) (Soil Survey Division, 
2002). Crop rotations were again continuous corn, and corn after soybean. 
The experiment was a factorial arrangement of treatments in a randomized, 
complete block design. Treatments were the same ones used at the previous 
location: two rates of NP, O and 0.56 kg ai ha-1, and increasing rates of N. For corn 
following soybean, N was applied at rates of o·, 45, 90, 135, and 180 kg N ha-1. For 
the continuous corn rotation, the N rates were 0, 56, 112, 168, and 224 kg N ha-1. 
There were three replications for the continuous corn and four replications for the 
corn-soybean rotation. Plot size was 4.5 by 12 m with 6 rows spaced 0. 75 m apart. 
Soil samples were collected from the top 15 cm before applying treatments. 
The Iowa State University Soil Testing Laboratory determined soil organic matter, 
pH, P, and K using the methods prescribed for the North Central Region by the 
NCR-13 Regional Committee on Soil Testing and Plant Analysis (Brown, 1998). 
Results are listed in Table 3. 
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Table 3. Soil chemical properties of the 0 to 15 cm layer at the ISU Curtiss Research 
Farm ~1995 to 2000} before a~~l~in9 treatments. 
Year Rotation Organic Matter pH p K 
g kg-1 mg kg-1 mg kg-1 
1995 cca 31 6.00 58 179 
1996 cc 31 6.40 44 160 
1997 cc 32 6.20 64 640 
1998 cc 36 6.35 45 183 
1999 cc 36 6.45 39 188 
2000 cc ndb 6.50 36 130 
1995 C-Sbc 51 6.80 80 242 
1996 C-Sb 42 6.20 51 179 
1997 C-Sb 49 6.65 94 282 
1998 C-Sb 28 6.40 41 156 
1999 C-Sb 49 6.95 64 188 
2000 C-Sb nd 6.65 30 102 
1995 Sbd 42 6.30 68 212 
1996 Sb 51 6.60 72 207 
1997 Sb 36 6.10 62 218 
1998 Sb 49 6.85 92 324 
1999 Sb 28 6.30 35 174 
2000 Sb nd 7.05 61 150 
a CC = corn plot in the continuous corn rotation 
b nd =not determined 
c C-Sb = corn plot in the corn-soybean rotation 
d Sb = soybean plot in the corn-soybean rotation 
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Treatment application and planting 
Treatments were applied to the plots in spring before planting each year. 
Nitrapyrin was mixed with the N source and applied to the soil with knife applicators. 
Shallow cultivation was done immediately after treatment application to prepare a 
seedbed. Treatment application dates and N sources are given in Table 4. 
Table 4. Treatment application dates and source of N used for 
the study (1991 to 2000). 
Application Date 
9 May, 1991 
6 Apr., 1992 
26 May, 1993 
22 Apr., 1994 
2 May, 1995 
23 Apr., 1996 
18 Apr., 1997 
18 Apr., 1998 
29 Mar., 1999 




Liquid urea-ammonium nitrate (28% N) a 







a used instead of the anhydrous ammonia because of the wet conditions 
during 1993 
b aqua ammonia was used from this year on because it is easier to apply 
the rates correctly 
Different hybrids were used in different years. The selection of the hybrid 
depended on desirable agronomic characteristics and availability of the seed at 
planting time. Seed planting density was based upon the hybrid selected. 
Information about hybrid and planting density is detailed in Table 5. Pesticides were 
applied as required. Lime was applied when soil pH was below 6. 
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Table 5. Planting dates, density, and corn hybrids 
used for the ex~eriments. 
Planting date Corn density Hybrid 
seeds ha-1 
24 May, 1991 73100 Pioneer 3362 
5 May, 1992 73900 Funk's G4385 
15 June, 1993 68400 Pioneer 3563 
24 Apr., 1994 64500 Pioneer 3563 
17 May, 1995 68400 Pioneer 3417 
13 May, 1996 64500 Pioneer 3489 
29 Apr., 1997 64500 Pioneer 3489 
7 May, 1998 64500 Pioneer 3489 
20 May, 1999 73900 Cargill 5677 
27 Apr., 2000 68400 Fontanelle F5306 
Whole plant sampling 
Corn whole plant samples were collected from 1997 to 2000 from all plots 
when plants reached the R6 stage of development (Ritchie, Hanway, and Benson, 
1993). Six plants were collected from each plot, three from each of the center rows. 
Ears were removed and plants were cut off at the soil surface. Samples were 
chopped and weighed. A sub-sample was retained to determine moisture content 
and total N content. 
Grain harvest and sampling 
Corn grain was machine harvested on the dates shown in Table 6. Yields 
were measured on the center two rows of each plot. The harvested length varied 
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from year to year. Harvested row length for each year is indicated in Table 6. Weight 
of the harvested grain was recorded. A sub-sample of grain from each plot was 
retained for moisture determination ~nd chemical analysis. Samples were oven dried 
at 60 to 70 °C until constant weight was attained. Residual moisture was assumed to 
be 1.5%. Yields were recalculated based on the dry weight and reported at 15.5% 
moisture. 
Table 6. Harvest date and length of rows harvested for 
the corn plots of the long-term NP study. 
Year Date harvested Harvested Row Length 
m 
1991 17 Oct. 6.0 
1992 7 Oct. 6.0 
1993 4 Nov. 11.4 
1994 3 Oct. 11.4 
1995 25 Oct. 10.8 
1996 21 Oct. 11.4 
1997 4-6 Oct. 11.4 
1998 7 Oct. 9.0 
1999 13 Oct. 9.0 
2000 19 Sep. 9.0 
Soil sampling to 120 cm depth 
Post-harvest soil samples were collected from 1997 to 1999 from the zero 
and high-rate N plots in both NP treatments at the ISU Curtiss Research Farm. 
Samples for all the plots were collected after harvest in 2000. Soil samples were 
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collected in 30 cm increments down to 120 cm from three random locations between 
the two center rows of the sampled plots. Cores (3) were deposited in pre-assigned 
containers, mixed, and a composite sub-sample was collected. Chemical analyses 
were performed to determine soil NH4-N and N03-N as described in the Section Soil 
nitrogen analysis. 
Grain and whole plant nitrogen analysis 
All plant and grain samples collected during the study for N analysis were 
processed through the Hach Plant Tissue Analysis System (Hach Company, 1988). 
Samples were oven dried at 60 to 70 °C until constant weight was attained. 
Afterwards, samples were ground and 250 mg sub-samples weighted. These 
sub-samples were digested in a concentrated sulfuric acid-hydrogen peroxide 
(50% H202) solution. Total N in the solution was determined using Nessler's 
procedure and the equipment used was the Digesdahl Digestion Apparatus, the 
DR/3000 Spectrophotometer, and the Hach Diluter-Dispenser, as described in the 
method for Nitrogen Analysis in Total Plant Tissue (Hach Company, 1988). 
Soil nitrogen analysis 
Soil samples were oven dried immediately after collection, then ground and 
stored at 4°C until analyzed. Sub-samples of 10 g were extracted in a 50 ml 2M KCI 
solution. The solution was filtered and the extracts analyzed for N content using a 
flow injection spectrophotometer. Determination of N in the extracts was done using 
a Quik Chem AE Automated Ion Analyzer. QuickChem Method 12-107-06-2-A: 
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Ammonia (Salicylate) in 2M KCI Soil Extracts (Lachat Instruments, 1993) was used 
for NH4-N determination. QuickChem Method 12-107-04-1-8: Nitrate in 2M KCI Soil 
Extracts (Lachat Instruments, 1992) was used for N03-N determination. 
Data analysis 
The analysis of data was done using SAS (SAS Institute Inc., 1999). For this 
work, data differences are considered statistically significant at the 10% level 




Continuous corn mean yields were 7692 kg ha-1 without NP and 7162 kg ha-1 
when NP was used (Table 7). Nitrogen rate (NR) had no effect on yield. A reason for 
this lack of response could have been the previous soybean crop. No effect on yield 
was observed due to NP or the interaction of NR and NP (NR*NP). Nitrogen uptake 
in grain was 78 kg N ha-1 for the zero NP plots and 75 kg N ha-1 for the plots with NP 
(Table 8). Nitrogen uptake in grain was not affected by NR, NP or NR*NP. 
Corn yield from the corn-soybean rotation was 7017 kg ha-1 for the zero NP 
treatment and 7653 kg ha-1 for the plots with NP (Table 7). No significant differences 
in yield were observed due to NR, NP, or NR*NP. Nitrogen uptake in grain was also 
unaffected by NR, NP, or NR*NP. The average uptake of Nin grain was 67 kg N ha-1 
for the zero NP plots and 76 kg N ha-1 for the plots where NP was applied (Table 8). 
Year1992 
Continuous corn average yields were 10,507 kg ha-1 for the zero NP plots and 
10,893 kg ha-1 for the plots with NP (Table 7). Yield was affected by NR, increasing 
yields as more N was applied (P>F < 0.0001) (Table 9). No effect on yield was 
observed due to NP or NR*NP. Grain N uptake increased with NR (P>F < 0.001) 
(Table 10). Mean N uptake in grain was 93 and 92 kg N ha-1 for the zero NP plots, 
and the plots with NP, respectively (Table 8). No treatment effect was observed on 
grain N uptake due to NP application or NR*NP. 
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Average yields for the corn-soybean rotation were 11,914 and 11,935 kg ha-1 
for the zero NP and the NP plots, respectively (Table 7). Yield was affected by NR 
as expected, increasing when higher levels of N were applied (P>F = 0.04) 
(Table 9). Neither NP nor NR*NP had any effect on yield. Average N uptake in grain 
was 101 and 103 kg N ha-1 for the zero NP plots, and the plots with NP, respectively 
(Table 8). Only NR had an effect on grain N uptake (P>F = 0.002). Grain N uptake 
increased with NR {Table 10). 
Year1993 
This was a year of excessive rainfall (Table 11 ). Yields were adversely 
affected. Average yields in continuous corn were about 2050 kg ha-1 for the zero NP 
plots and 2030 kg ha-1 for the plots with NP (Table 7). There was no difference due 
to NP treatments. Yield increased with NR (P>F < 0.0001) (Table 9). The interaction 
NR*NP did not affect yields. Grain N uptake was 22 kg N ha-1 for the zero NP plots 
and 23 kg N ha-1 for the plots with NP (Table 8). Grain N uptake increased with NR 
(Table 10) but no differences were noted due to NP or NR*NP. 
Corn yield in the corn-soybean rotation averaged 1867 and 2157 kg ha-1 for 
the zero NP and the NP treatments, respectively {Table 7). No statistical significance 
was determined due to NP treatment (P>F = 0.18). Nitrogen rates promoted higher 
yields where greater amounts of N were applied (P>F = 0.075) (Table 9). The 
interaction NR*NP was not significant. Grain N uptake was 21 kg N ha-1 for the zero 
NP plots and 25 kg N ha-1 for the plots with NP (Table 8). Grain N uptake increased 
with NR (P>F = 0.046) (Table 10) but was unaffected by NP or NR*NP. 
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Year1994 
Continuous corn yields averaged 9601 and 9491 kg ha-1 for the zero NP and 
the NP plots (Table 7). Differences were not significant. Nitrogen rate increased yield 
with higher N applications (P>F < 0.0001} (Table 9). Yield responded to NR*NP 
(P>F = 0.02). For the N rates 56, and 112 kg ha-1 the values for the NP treatment 
were higher than the ones where no NP was applied. For the other N rates, the 
treatments without NP had higher yield values (Figure 1 }. Grain N uptake was 
affected by NR*NP in a similar way (Figure 2). In addition, grain N uptake increased 
with NR (P>F < 0.0001) (Table 10). No difference was observed due to NP 
(P>F = 0.80) (Table 8). 
Means for the corn yield in the corn-soybean rotation were 10,817 kg ha-1 for 
the zero NP plots and 10, 119 kg ha-1 for the NP plots (Table 7). Differences due to 
NP were not statistically significant (P>F = 0.12). Yields increased with NR 
(P>F = 0.002) (Table 9) but NR*NP had no effect. Grain N uptake increased with NR 
(P>F < 0.001) (Table 10). No differences were observed due to NP or NR*NP. 
Year1995 
Average yields for the continuous corn rotation were 8787 and 8295 kg ha-1 
for the zero NP and NP plots (Table 7). No statistically significant difference was 
determined due to NP (P>F = 0.35). Increased yield was observed with higher NR 
(P>F < 0.0001} (Table 9). The interaction NR*NP did not affect yields. Grain N 
uptake was only affected by NR (P>F < 0.0001 ), increasing with higher rates (Table 
10). 
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Mean corn yields for the corn-soybean rotation were 8203 and 8039 kg ha·1 
for the zero NP plots and the plots with NP application (Table 7). The difference due 
to NP was not statistically significant (P>F = 0.77). Yields increased with NR 
(P>F < 0.0001) (Table 9) but were unaffected by NR*NP. Nitrogen uptake in grain 
increased with NR (P>F < 0.0001) (Table 10) but was not affected by NP or NR*NP. 
Year1996 
Only NR had influence on yield and N uptake in grain this year (P>F <= 0.10). 
This happened in both crop rotations. Yield and N grain uptake increased with NR 
(Tables 9 and 10). No effect was observed due to NP or NR*NP. Continuous corn 
grain yield averaged 7952 and 8557 kg ha·1 in the zero NP and NP plots, 
respectively (Table 7), and grain N uptake was 71 and 77 kg ha·1 (Table 8). For the 
corn-soybean rotation, the mean yields were 10,943 and 11, 107 kg ha·1 for the zero 
NP and the NP treatments (Table 7), and grain N uptake was 103 kg ha·1 for both 
NP treatments (Table 8). 
Year1997 
Mean yields for continuous corn were 3795 and 3297 kg ha·1 in the zero NP 
and NP plots (Table 7). Differences were not statistically significant for NP 
application (P>F = 0.37). An increase in yield was observed with NR (P>F < 0.01) 
(Table 9). No effect was observed due to NR*NP. Nitrogen uptake in grain increased 
due to increasing NR (P>F = 0.008) (Table 10). Stover samples were collected from 
1997 to 2000, as described in Methods Section. Stover N uptake (P>F = 0.048) and 
23 
total N uptake (P>F = 0.007) increased with NR (Table 10). Stover N uptake 
responded to NP (P>F = 0.009). Mean stover N uptake for the NP treatment was 94 
kg N ha-1 and 81 kg N ha-1 for the zero NP plots (Table 8). This difference was not 
statistically significant when added to grain N uptake and viewed as total N uptake 
(Table 8) (P>F = 0.22). 
This year almost all the variables in the corn-soybean rotation responded to 
NR and to NP. Yield, grain N uptake, and total N uptake increased with NR 
(P>F <= 0.10) (Tables 9, and 10). Only stover N uptake was not affected by NR 
(Table 10). Yield, grain N uptake, stover N uptake, and total N uptake differed due to 
NP (P>F <= 0.10). In all the cases, the application of NP resulted in lower mean 
values (Tables 7 and 8). Mean yields were 6544 kg ha-1 for the zero NP plots and 
5793 kg ha-1 for the plots where NP was applied (Table 7). Only grain N uptake 
responded to NR*NP. The values are lower for the NP treatment when N rates are 
90 kg ha-1 or higher (Figure 3). 
Year1998 
Continuous corn average yields were 3979 and 4057 kg ha-1 for the zero NP 
and the NP plots respectively {Table 7). No differences were observed for NP 
application (P>F = 0.8171 ). Increasing levels of NR produced increase in values of 
yield, grain N uptake, stover N uptake, and total N uptake (P>F <= 0.10) 
(Tables 9 and 10). No response was observed due to NR*NP. 
The corn-soybean plots had similar results. The mentioned variables only 
responded to NR (P>F <= 0.10), increasing values when higher amounts of N were 
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applied (Tables 9 and 10). Mean corn grain yields were 5874 and 5997 kg ha·1 for 
the zero NP and NP treatments (Table 7). No response was observed due to NP or 
NR*NP. 
Year1999 
Average grain yields for the continuous corn were 5626 and 4743 kg ha-1 for 
the zero NP and the NP plots, in that order. The difference due to NP was 
statistically significant (P>F = 0.037) but yield for NP plots was lower (Table 7). 
Grain N uptake, stover N uptake, and total N uptake did not respond to NP (Table 8). 
Increase of NR tended to increase values of yield as well as grain, stover, and total 
N uptake (P>F <= 0.10) (Tables 9 and 10). 
For the corn-soybean rotation, increased corn yield, grain N uptake, stover N 
uptake, and total N uptake were observed with NR increments (P>F <= 0.10) 
(Tables 9 and 10). Nitrapyrin produced no differences (Tables 7 and 8). Corn mean 
yields were 7754 and 7891 kg ha-1 for the zero NP and NP plots (Table 7). Mean 
stover N uptake was 54 kg N ha·1 for the zero NP treatments and 57 kg N ha-1 for 
the NP plots (Table 8). Stover N uptake responded to NR*NP (P>F = 0.04) with 
higher values for NP treatment with N rates of 0, 45, and 90 kg ha-1• For N rates of 




Mean grain yields for the continuous corn rotation were 4058 and 4414 
kg ha-1 for the zero NP and NP treatments (Table 7). Differences were not 
statistically significant. Grain N uptake and stover N uptake responded to NP 
(P>F <= 0.10). Grain N uptake was higher in the NP plots (Table 8) but stover N 
uptake was lower for these plots (Table 8). As a result, differences in total N uptake 
due to NP were not statistically significant (P>F = 0.48) (Table 8)·. All variables 
responded to NR increasing their values with higher rates (P>F <= 0.10) (Tables 9 
and 10). Only total N uptake responded to the interaction NR*NP (P>F = 0.03). This 
response is probably related to a higher value for the zero NP treatment with the N 
rate of 180 kg ha-1 (Figure 5). 
For the corn-soybean plots mean yields were 6934 and 6718 kg ha-1 for the 
zero NP and NP treatments (Table 7). Differences due to NP were not statistically 
significant. Values for total N uptake were 113 kg N ha-1 for the zero NP treatments 
and 103 kg ha-1 for the NP plots (Table 8). Significant differences due to NR were 
observed for yield, grain N uptake, and total N uptake. Values increased with NR 
(Tables 9 and 10). Stover N uptake values did not differ due to NR (P>F = 0.33) 
(Table 10). 
General data 
Figure 6 shows grain yield trends of the continuous corn rotation during the 
10 years of this study and includes the mean corn yield for Story County (where 
Ames is located). Mean yield of all the N rates for each year were used for the 
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graph. Figure 7 is similar but has the maximum yield for each year. Maximum yields 
for the experiments (Figure 7) are higher and closer to the mean yields from Story 
County than the mean yields we obtained (Figure 6). The experiment's mean yields 
include the low N rates that normally would not be used for commercial production. 
The low yield observed in 1993 was due to excessive rainfall (Table 11 ). 
Mean corn grain yields for the corn-soybean rotation are in Figure 8. 
Maximum corn yields for this rotation are in Figure 9. Again, maximum yields for the 
study are in general closer to the mean yields for Story County. The yield trend for 
the corn-soybean rotation is similar to the one of the continuous corn, though yields 
from the corn-soybean rotation tend to be higher (Figures 6 to 9). A drop in yield was 
observed from 1997 to 2000 for both crop rotations but the maximum yields for the 
corn-soybean rotation were very close to the mean yields for Story County 
(Figure 9). 
Results of the statistical analysis for the use of NP are summarized in Figures 
1 O and 11. The continuous corn rotation (Figure 10) had a few statistically significant 
differences scattered around the different variables during the 10 years of the study. 
For the corn-soybean rotation (Figure 11 ), significant differences occurred in only 
one year (1997), but all the variables were affected in the same way. Value~ for the 
NP plots were lower. This could be related to rainfall; 1997 was one of the driest 
years of the 10-year period (Table 11 ). This is consistent with the results of 
Blackmer and Sanchez (1988). 
A summary of the results for the statistical analysis of each N rate is 
presented in Figures 12 and 13. Each variable is presented independently for the 
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10-year period. For both crop rotations, the statistically significant responses to use 
of NP are scattered among N rates and years. No identifiable pattern of response is 
present. 
Statistical analysis for the soil samples from 0 to 120 cm is summarized in 
Figures 14 through 17. Differences due to NP application in the continuous corn are 
in Figure 14 for soil NH/-N and in Figure 15 for soil N03--N. Results for the 
corn-soybean rotation are in Figures 16 and 17, for soil NH/-N and N03--N, 
respectively. Few statistically significant differences were observed for soil N 
contents when comparing plots with and without NP application. 
Table 7. Corn mean yields per year and NP treatment for the continuous corn and 
the corn-soybean rotations. 
Crop 
rotation 
Nitrapyrin 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
rate 
CC8 
kg ai ha"1 
0 
----------------------------------------- kg ha "1 ------------------------------------------
7692 10507 2050 9601 8787 7952 3795 3979 5626 4058 
cc 0.56 7162 10893 2030 9491 8295 8557 3297 4057 4743 4414 
C-Sbb 0 7017 11914 1867 10817 8203 10943 6544 5874 7754 6934 
C-Sb 0.56 7653 11935 2157 10119 8039 11107 5793 5997 7891 6718 
a CC = continuous com 
b C-Sb = corn-soybean 
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Table 8. Nitrogen uptake per year and NP treatment for the continuous corn and the 
corn-so}::bean rotations. 
Crop Plant Nitrapyrin 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
rotation part rate 
kg ai ha·1 ------------------------------------- kg N ha ·1 -------------------------------------
cca Grain 0 78 93 22 94 72 71 35 26 46 33 
cc Grain 0.56 75 92 23 95 69 77 30 26 42 37 
cc Stover 0 ndb nd nd nd nd nd 81 22 59 31 
cc Stover 0.56 nd nd nd nd nd nd 94 21 54 25 
cc Totalc 0 nd nd nd nd nd nd 117 48 105 64 
cc Total 0.56 nd nd nd nd nd nd 127 48 96 61 
C-Sbd Grain 0 67 101 21 101 72 103 60 39 69 59 
C-Sb Grain 0.56 76 103 25 93 67 103 50 40 72 55 
C-Sb Stover 0 nd nd nd nd nd nd 100 23 54 54 
C-Sb Stover 0.56 nd nd nd nd nd nd 90 24 57 47 
C-Sb Total 0 nd nd nd nd nd nd 159 62 123 113 
C-Sb Total 0.56 nd nd nd nd nd nd 139 64 128 103 
a CC = continuous corn 
b nd = not determined 
c Total= grain+ stover 
d C-Sb = corn-soybean 
Table 9. Corn 9rain mean ~ields ~er ~ear, NP rate, and N rate for the continuous corn and the corn-so~bean rotations. 
Crop rotation Nitrapyrin Nitrogen rate 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
kg ai ha·1 kg N ha·1 --------------------------------------------------- kg ha ·1 ---------------------------------------------------
CC0 0.00 0 8542 9010 911 6259 5427 3020 2014 1574 2610 1785 
cc 0.00 56 7001 10267 1757 9074 7056 5688 2704 2082 ndb 2770 
cc 0.00 112 7475 11207 2110 10228 9113 9235 3549 4814 6864 4768 
cc 0.00 168 7971 10896 2514 11370 10610 · 10275 4939 5407 6323 4930 
cc 0.00 224 7474 11154 2705 11076 11726 11544 6042 6017 6708 6035 
cc 0.56 0 7242 7916 604 5428 3690 2766 2266 1325 1475 1976 
cc 0.56 56 7244 11277 1894 10112 8333 6285 3047 3462 nd 3274 
cc 0.56 112 7603 11874 2543 10755 8463 10156 2929 4327 5026 4774 
cc 0.56 168 7176 11700 2424 10716 9960 11315 4298 5393 5986 6264 
"' cc 0.56 224 6543 11697 2344 10445 11027 12260 4217 6013 6487 5784 co 
C-Sbc 0.00 0 6981 11095 1328 9648 4240 8030 5521 3081 5623 5412 
C-Sb 0.00 45 6990 12260 1747 10941 7057 9868 5667 4621 7595 6214 
C-Sb 0.00 90 6934 12153 1712 11227 8626 11538 6423 6181 7750 7208 
C-Sb 0.00 135 7600 11940 2540 10886 9431 12223 7292 7217 8290 7393 
C-Sb 0.00 180 6582 12124 2137 11386 11663 13057 7818 8272 9511 8442 
C-Sb 0.56 0 7619 11502 1761 7837 4803 8844 5464 3543 4682 4801 
C-Sb 0.56 45 7715 12108 2303 9993 7776 10394 5955 5211 7697 6457 
C-Sb 0.56 90 7573 12162 2034 11049 7863 11302 5238 5179 9195 6765 
C-Sb 0.56 135 7448 11623 2360 10978 8916 11651 6126 7201 8148 8102 
C-Sb 0.56 180 7912 12280 2250 10739 10839 13346 6180 8853 9733 7465 
a CC = continuous corn 
b nd = not determined 
c C-Sb = corn-soybean 
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Table 10. Nitrogen uptake per year and N rate for the continuous corn and the 
corn-soybean rotations. 
Crop Plant Nitrogen 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
rotation part rate 
Grain 






































a CC = continuous corn 
b nd = not determined 
c Total= grain+ stover 






























-------------------------------------- kg N ha ·1 --------------------------------------
83 60 9 49 36 25 18 9 18 14 
70 91 20 88 62 48 23 17 ndb 22 
78 96 25 100 72 82 29 30 42 38 
79 108 28 119 86 98 41 35 57 4 7 
72 109 28 115 98 115 51 41 60 55 
nd nd nd nd nd nd 75 14 55 12 
nd nd nd nd nd nd 84 19 nd 21 
nd nd nd nd nd nd 91 22 59 30 
nd nd nd nd nd nd 95 28 56 33 
nd nd nd nd nd nd 95 27 56 43 
nd nd nd nd nd nd 94 24 73 25 
nd nd nd nd nd nd 113 36 nd 43 
nd nd nd nd nd nd 120 51 101 68 
nd nd nd nd nd nd 136 63 113 79 
nd nd nd nd nd nd 146 68 116 98 
72 89 16 73 38 69 46 21 41 37 
72 102 23 95 62 87 48 30 62 48 
71 104 21 103 67 106 51 36 72 57 
75 106 29 106 78 115 61 49 74 71 
67 110 26 107 104 136 67 62 104 72 
nd nd nd nd nd nd 92 15 48 37 
nd nd nd nd nd nd 87 19 51 53 
nd nd nd nd nd nd 93 22 56 44 
nd nd nd nd nd nd 101 28 56 68 
~ ~ ~ ~ ~ ~ 100 31 68 52 
nd nd nd nd nd nd 138 36 87 75 
nd nd nd nd nd nd 136 50 113 101 
nd nd nd nd nd nd 144 58 127 100 
nd nd nd nd nd nd 161 77 130 139 
nd nd nd nd nd nd 168 93 172 124 
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Table 11. Monthly precipitation from April to October for the period 1991 to 2000 
in Ames, Iowa ~Iowa State Universit~. 2002}. 
Month 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
----------------------------------------- C:lll -----------------------------------------
April 22.9 9.8 6.4 6.9 13.2 3.2 9.1 8.0 20.4 2.1 
May 13.0 2.6 18.3 4.3 10.9 19.1 6.0 9.1 14.8 11.9 
June 10.5 1.5 19.1 14.0 8.7 13.0 9.1 27.0 18.2 10.2 
July 4.4 25.5 41.0 5.8 10.0 10.3 9.9 6.7 15.9 7.1 
August 9.2 5.6 26.0 11.1 7.7 12.3 3.9 9.3 14.9 3.3 
September 5.9 10.2 10.0 11.2 6.7 8.0 5.5 2.3 6.0. 2.5 
October 8.3 1.4 3.8 7.7 2.6 7.0 9.0 10.1 0.9 4.9 
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Figure 1. Corn grain yield per N rate and NP treatment for the 
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Figure 2. Corn grain N uptake per N rate and NP treatment for the 


























Figure 3. Corn grain N uptake per N rate and NP treatment for the 
corn-soybean rotation in 1997. 
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Figure 4. Corn stover N uptake per N rate and NP treatment for the 
corn-soybean rotation in 1999 . . 
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Figure 5. Total N uptake per N rate and NP treatment for the 
continuous corn rotation in 2000. 
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Figure 6. Mean grain yields for the continuous corn rotation and mean 
corn grain yields for Story County, IA 
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Figure 7. Maximum grain yields for the continuous corn rotation and 
mean corn grain yields for Story County, IA 
36 
l_.,_ ammonium-N -e-ammonium-N +NP -Mo-Story County means I 
14000 ~~~~~~~~~~~~~~~~~~~~~ 
12000 -+-~---~------------------l 
~- 10000 +--+~\-- ---IJA2>~------:~~-----,::;;;o---..... --W 
'n:s 
~ 8000 .JA- --T----N---~---~-----r-----l 
:. 
~ 6000 --r------'~-TJr-- ------.._,=--..... '---------j 
'ii 
~ 4000 -1-------1-- ---------------1 
2000 -t------'llr------------------1 
0 -1-------~------~-------1 
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
Year 
Figure 8. Mean corn grain yields for the corn-soybean rotation and 
mean corn grain yields for Story County, IA 
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Figure 9. Maximum corn grain yields for the corn-soybean rotation and 
mean corn grain yields for Story County, IA 
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9 9 
=Statistically significant response. NP treatment higher. 
= No statistically significant response. 
= Statistically significant response. NP treatment lower. 
=Not determined . 
Figure 10. Response to NP by year and variable for the continuous corn 
rotation. 
% N in grain 
% N in stover 
Grain N uptake 
Stover N u take 
Total N uptake 
991 1992 1993 1994 99 9 9 9 2000 
= No statistically significant response. 
= Statistically significant response. NP treatment lower. 
=Not determined. 
Figure 11. Response to NP by year and variable for the corn-soybean rotation. 
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= Statistically significant response. NP treatment higher. 
= No statistically significant response. 
= Statistically significant response. NP treatment lower. 
= Not determined. 
Figure 12. Response to NP by variable, N rate, and year for the 
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= Statistically significant response. NP treatment higher. 
= No statistically significant response. 
= Statistically significant response. NP treatment lower. 





Figure 13. Response to NP by variable, N rate, and year for the 
corn-soybean rotation. 
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= No statistically significant response. 
= Statistically significant response. 
NP treatment lower. 
Figure 14. Response to NP of the NH/-N levels in soil 
at different depths for the continuous corn 
rotation . 
Year 





= Statistically significant response. 
NP treatment higher. 
= No statistically significant response. 
= Statistically significant response. 
NP treatment lower. 
Figure 15. Response to NP of the N03--N levels in soil 









= No statistically significant response. 
= Statistically significant response. 
NP treatment lower. 
Figure 16. Response to NP of the NH/-N levels in soil 







= No statistically significant response. 
= Statistically significant response. 
NP treatment lower. 
Figure 17. Response to NP of the N03--N levels in soil 
at different depths for the corn-soybean rotation. 
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Discussion 
Yield and other plant related variables 
Increase in yield was generally observed in response to increasing rates of N, 
as anticipated. Yields for the two crop rotations tend to be different, being typically 
higher for the corn-soybean rotation (Figures 6 through 9). 
Similar yields were observed for the plots with and without NP (Figures 6 
through 9), and rarely were significantly different. Figure 10 shows the results of 
comparing NP and non-NP plots in the continuous corn rotation for all the variables 
considered. A statistically significant response in grain yield to the use of NP for one 
of the years (1999) may be a random effect, considering it is the only significant yield 
response during the 10 years of the study (Figure 10). This is consistent with 
previously reported results by Touchton et al. (1979c), Hendrickson et al. (1978), 
Blackmer and Sanchez (1988), and Warren et al. (1980). Other variables also had 
random significant responses to NP, and no consistent trend is observed. 
In 1997, the corn-soybean rotation had a significant response to NP for all the 
variables. No response was recorded any other year for this rotation (Figure 11 ). 
Again, the lack of a trend over time for the response to NP would indicate that this 
probably was a random effect. However, the fact that the yield for the continuous 
corn rotation followed a similar trend that year could be meaningful. For both crop 
rotations, corn yield was lower for the plots where NP was applied (Figures 7 and 9). 
In the continuous corn, the difference was not enough to be statistically significant. 
Perhaps NP had a negative effect on plant development due to lack of soil moisture. 
This year was one of the driest during the 10 years of the study (Table 11 ). 
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Excessive soil dryness when using NP can cause abnormally high levels of NH4 +.:.N, 
or nutrient imbalances like high NH4 + and low K. This may negatively affect the 
ability of plants to effectively assimilate NH/-N (Dibb and Welch, 1976). Another 
possible cause is positional unavailability. If the NH4 + -N is restricted to the upper dry 
soil, roots cannot reach it. An early inhibition of nitrification may not permit leaching 
of N03- to the lower levels where the roots will absorb water in dry conditions. This 
may result in temporal N unavailability and can affect plant growth, as suggested by 
Hoeft (1984). 
A year where significant effects of NP could have been expected was 1993. 
Excessive rainfall during that period (Table 11) created an ideal soil environment for 
no3- leaching and denitrification. Although the use of NP could have resulted in 
increased yields, no significant differences were observed in either crop rotation 
(Figures 6 through 11 ). A possible cause for this lack of response could be a stress 
greater than the lack of enough N for a high yield. In this case, excessive moisture 
appears to be the limiting factor. 
A summary of the statistical analysis considering each N rate is presented in 
Figures 12 and 13, for the continuous corn, and corn-soybean rotation, respectively. 
No consistent response was observed at any level of N rate in this study. 
During the preliminary statistical analysis, some yield data points were 
identified as possible outliers. Their values seemed too high or too low when 
compared to the other two or three data points from the same N rate (Table 12). 
Statistical analyses were performed with and without these suspect data points. By 
excluding this data, the main difference is one extra year (1996) where NP 
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application makes a difference for the yield of continuous corn. Yields for that year 
and rotation are higher where NP was used. The overall results do not vary enough 
to consider this change important. Final data analysis was done including the 
apparent outliers because there was no compelling reason to reject them. 
Soil NH/-N and N03--N 
No trend was observed in the statistical analysis of the data from the 
post-harvest soil samples taken from 1997 to 2000 (Figures 14 to 17). These 
samples were taken in 30 cm increments down to 120 cm. Though different 
concentration of NH4 + _N or N03--N could be expected for one or more of the 4 layers 
of soil, the main result is no response to NP use. Considering that the effect of NP is 
temporal, and that approximately 5 months passed after NP and NH/-N was 
applied, a significant difference would only be expected if long delays of nitrification 
were attained. Even then, rate of nitrification and amount of precipitation after the 
effect of NP had passed could promote results similar to the ones observed here. A 
possibility not to be ignored is the lack of nitrification inhibition by NP. If this were the 
case, no important differences in N concentration would be expected in the soil 
samples. No environmental benefits due to decreased no3· leaching are noticeable 
in this case. The factors that influenced this outcome are not clear. 
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Table 12. Yield data values identified as possible outliers due to their difference as 
compared to the other data ~oints of the same treatment. 
Year Crop Nitrogen Nitrapyrin Suspect Other 
rotation rate rate yield value yield values 
kg ha·1 kg ai ha·1 kg ha·1 ---------------- kg ha •1 ----------------
1993 CC8 56 0.56 1401 4260 4430 4660 
1993 C-Sbb 90 0.00 5933 1652 2170 ndc 
1994 C-Sb 180 0.00 14830 9125 10704 10794 
1995 cc 0 0.00 8733 3490 4059 ned 
1995 C-Sb 45 0.00 10807 4866 5694 6859 
1996 cc 224 0.00 13123 10690 10819 ne 
1996 cc 224 0.56 10574 13080 13126 ne 
1996 C-Sb 0 0.56 11320 7449 8110 8497 
1998 cc 168 0.00 3425 6021 6774 ne 
1998 cc 224 0.56 4128 6772 7138 ne 
1998 C-Sb 45 0.00 8298 2759 3674 3751 
1998 C-Sb 90 0.00 8478 4392 5563 6292 
1998 C-Sb 45 0.56 7506 3925 4485 4927 
1998 C-Sb 90 0.56 3265 5480 5676 6296 
1999 cc 168 0.00 4292 6808 7862 ne 
• CC = continuous com 
b C-Sb = com-soybean 
c nd = not determined 
d ne = non-existent 
46 
General discussion 
The lack of response to application of NP could be due to conditions not 
leading to N loss or to ineffective nitrification inhibition. In fine-textured soils, 
response to application of NP has been inconsistent. This study was not focused on 
the reasons why NP did not lead to higher values for the variables considered. Even 
though, some factors will be considered. 
Nitrogen loss by denitrification or leaching is likely to occur during periods 
with excessive rainfall. Adequately fertilized crops will not respond to application of 
NP if N losses are small or do not take place. In this study, losses by denitrification 
were expected to be minimal because the plots had an adequate drainage. The rate 
at which N03- leaching takes place might be an issue. If N03--N does not leach out of 
the root zone before plants have a need for it, an effect of NP would not be 
expected. During 1993, the excessive rainfall could have promoted leaching or 
denitrification (Table 11 ). Use of NP did not trigger any differences in the variables 
analyzed. It is doubtful that in those conditions no important leaching occurred. Crop 
response may have been limited primarily by the stress caused by excessive 
moisture, or inadequate nitrification inhibition may have taken place. 
Effectiveness of NP to inhibit nitrification could have been impaired by many 
factors. Among these are time of application (Wolt, 2000; Hoeft, 1984 ), persistence 
in soil (Wolt, 2000 referring to Unger et al., 1981, and Regoli et al., 1976), sorption to 
organic matter (Wolt, 2000, Hendrickson et al., 1978; Briggs, 1975; Goring, 1962; 
Keeney, 1980), volatilization (Keeney, 1980; Briggs, 1975), soil texture (Prasad and 
Power, 1995; Malzer et al. 1989; Hoeft, 1984; Bundy and Bremner, 1973), amount of 
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rainfall (Prasad and Power, 1995; Hoeft, 1984; Touchton et al., 1979c), and 
temperature (Touchton et al., 1979b; Bundy and Bremner, 1973; Goring, 1962). 
Factors not considered in this work include, along with other, activity, population, 
and distribution of nitrifying organisms in the soil (Myrold, 1998). 
Fall application of NP was not included in this study. The objectives were 
specific as to study the response to spring applied NP. 
Permanence of NP in soil depends on its half-life, which varies greatly from 
site to site. With field dissipation half-lives ranging between 5 to 89 days (Wolt, 
2000), the likelihood of having a very short period of effective nitrification cannot be 
ignored. This could be among the factors that affected NP performance. 
Sorption of NP to organic matter in the soil is other feature that may decrease 
its effectiveness (Wolt, 2000, Hendrickson et al., 1978; Briggs, 1975; Goring, 1962; 
Keeney, 1980). The organic matter in the soils used in this study ranged between 
3.1 and 5.1 g kg-1• The lack of response to NP does not permit any insight as to what 
effect soil organic matter content may have had in this study. No previsions were 
done either to study this point. 
Amount of rainfall and temperature are factors that vary from year to year. 
These two factors are important when considering potential loss of N by leaching 
and denitrification, as well as by degradation of NP (Prasad and Power, 1995; Hoeft, 
1984; Touchton et al., 1979c; Touchton et al., 1979b; Bundy and Bremner, 1973; 
Goring, 1962). Variation within each year may also have a great influence on 
effectiveness of nitrification inhibition. In order to evaluate this variability, the study 
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was planned for a 10-year period. This assures that special environmental 
conditions present one or two years will not bias the results in one or other way. 
Soil texture is known to influence the effectiveness of nitrification inhibitors. 
Effectiveness of NP varies greatly among soils and is higher in coarse-textured soils 
(Bundy and Bremner, 1973; Malzer et al., 1989). Response of crops to NP in 
fine-textured soils is difficult to predict (Prasad and Power, 1995; Hoeft, 1984 ). As 
many soils in Iowa are fine-textured, outcome of this study is expected to give some 
insight to the use of NP in this state. 
Volatilization is an important factor to have in consideration. It mainly affects 
broadcast applicatio11s that are not rapidly incorporated into the soil (Keeney, 1980; 
Briggs, 1975). During this study, NP was injected into the soil with NH4 + -N fertilizer. 
Shallow cultivation done immediately after application to prepare a seed bed 
diminished even more the amount of possible volatilization; therefore, this issue 
probably did not influence negatively the effectiveness of nitrification inhibition. 
Two variables not thoroughly evaluated may have influenced the results of 
this study: NP rate, and method of application. Hoeft (1984) points out that band 
application of nitrification inhibitors with NH4 + -N fertilizers tends to be more effective 
than broadcast application, even when incorporated soon after being applied. In this 
study, the cultivation done after applying fertilizer and NP was supposed to be 
superficial, to not affect the band application. The idea was to assure coverage of 
any possible leaks from the band and prepare a seed bed. No sampling was done to 
verify that the fertilizer bands were not disturbed. Given the circumstances, a 
disturbance of the fertilizer bands should be considered as a possibility. If this 
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happened, the dose of NP applied would have been distributed within a greater 
amount of soil. A band injection without cultivation will have a higher concentration of 
NP in the area where the NH4 + -N is localized, therefore enhancing the effectiveness 
of NP. Evaluation of higher rates of NP and different methods of application may be 
of help to further determine conditions required to obtain benefits from the use of NP 
in fine-textured soils. In previous research by Kpomblekou and Killorn (1996), 
inhibition of nitrification using NP was observed in laboratory incubation of five Iowa 
soils; two of these belong to the same soil series of the soils used in this study. 
Therefore, the characteristics of these soils may not have limited the results of our 
study, nor be a limitation for future research. 
Simple economic analysis 
One quadratic equation per farm, crop rotation, and NP treatment was 
generated (Table 13) using yield data for all years (Table 9). Data from the Woodruff 
farm in 1991 was not used because that year there was no response to N 
application (Table 9). Yield response curves for each farm, crop rotation, and NP 
treatment were generated with the quadratic equations at eleven equally spaced N 
rates (Figures 18 to 21 ). 
A possible response to NP is observed for the continuous corn at Woodruff 
farm (Figure 18). The NP response curve (Figure 18, in red) presents a higher 
expected yield at a lower N rate than the response curve with no NP (in green). This 
will result in a lower economic optimum N rate if NP is used. No possible benefits 
are observed in the other yield response curves (Figures 19 through 21 ). Statistical 
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analysis .of grain yield for the continuous corn at Woodruff farm (1992 to 1994) show 
a significant difference due to the interaction for NR*NP (P>F = 0.0871 ). There is no 
difference for the corn-soybean rotation at Woodruff farm or for either crop rotation 
at ISU Curtiss research farm (P>F >0.10). 
Economic optimum N rates were calculated for each farm and crop rotation 
following the methods described by Voss (1976). The reference prices for fertilizer 
and yield units used were $0.15 per pound of NH/-N ($0.330 per kg of NH/-N) and 
$2.00 per bushel of corn ($0.079 per kg corn). The resulting price ratio (r) of a unit of 
fertilizer to a unit of yield was 4.2. This price ratio was equaled to the first derivative 
of the quadratic equations for yield to calculate the economic optimum N rate (Table 
13). Expected yields for the economic optimum N rates were calculated with the 
quadratic equation for each farm and crop rotation (Table 13). 
Table 13. Economic optimum N rates, expected yields, and coefficients of the 
guadratic ~ield eguations ~ax2 +bx+ cl for each farm and cro~ rotation. 
Farm Crop Nitrapyrin EON Ra Expected a b c 
rotation yield 
kg ai ha- kg ha- kg ha-
Woodruff ccb 0.00 164 8313 -0.081 30.7 5454 
Woodruff cc 0.56 140 8718 -0.164 50.0 4918 
Woodruff C-Sbc 0.00 102 8507 -0.060 16.3 7462 
Woodruff C-Sb 0.56 104 8481 -0.084 21.7 7133 
Curtiss cc 0.00 276 8379 -0.061 37.7 2597 
Curtiss cc 0.56 223 7639 -0.089 43.8 2282 
Curtiss C-Sb 0.00 395 11188 -0.027 25.1 5391 
Curtiss C-Sb 0.56 324 9956 -0.029 22.9 5569 
a EONR = economic optimum N rate 
b CC = continuous corn rotation 
c C-Sb = corn-soybean rotation 
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For ISU Curtiss research farm, only the economic optimum N rate for 
continuous corn with NP falls into the range of N fertilizer used in this study (0 to 224 
kg N ha-1) (Table 13). Corn-soybean with and without NP and continuous corn 
without NP have economic optimum N rates that are above the maximum N rates 
used ( 180 kg ha-1 for corn-soybean, and 224 kg ha-1 for continuous corn). For both 
rotations at ISU Curtiss research farm, the expected yield for the optimum NR with 
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Figure 18. Expected yield for continuous corn at Woodruff farm ( 1992 to 1994 ). 
For Woodruff farm, the optimum NR for the corn-soybean rotation is similar 
with and without NP (102 and 104 kg N ha-1), as well as the expected yield (8507 
and 8481 kg ha-1) (Table 13). For the continuous corn, the economic optimum NR 
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when using NP is lower than the rate without NP (140 and 164 kg ha-1, respectively) 
and the expected yield is higher (8718 kg ha-1 with NP and 8313 kg ha-1 without NP) 
(Table 13). 
At Woodruff farm, the simple profit for the continuous corn calculated by using 
the lower rate of N plus NP would be $1289 for 40 ha (approximately 100 acres) 
(Table 14). This is considering the expected yield (Table 13), and prices of $6.00 per 
pound of NP ($13.22 per kg), $2.00 per bushel of corn ($78.67 per 1000 kg), and 
$0.15 per pound of anhydrous ammonia fertilizer ($330.40 per 1000 kg). The 
calculation does not consider other expenses related to NP application, or hauling, 
storing, and drying of the extra grain. 
For the corn-soybean rotation at Woodruff farm and both crop rotations at ISU 
Curtiss research farm, the use of economic optimum N rates and NP presents a 
negative balance (Table 14). At ISU Curtiss research farm the maximum NR used in 
this study is lower than the calculated economic optimum N rate. Using the study's 
maximum NR for the economic calculations at ISU Curtiss research farm also 
renders a negative balance (Table 14). 
The possible response to NP at Woodruff farm may be, related to soil 
characteristics. The Clarion soil series (at Woodruff farm) tends to have a slightly 
coarser texture and somewhat better drainage than the Nicollet soil series (at ISU 
Curtiss research farm) (Soil Survey Division, 2002). As commented before, 
effectiveness of nitrification inhibitors varies greatly among soils and is higher in 
coarse-textured soils (Malzer et al., 1989; Bundy and Bremner, 1973). The result is a 
higher chance to observe a response to NP at Woodruff farm. 
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Figure 19. Expected yield for continuous corn at ISU Curtiss research farm 
(1995 to 2000). 
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Figure 20. Expected corn yield for the corn-soybean rotation at Woodruff farm 
(1992 to 1994). 
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Figure 21. Expected corn yield for the corn-soybean rotation at ISU Curtiss 
research farm (1995 to 2000). 
Conclusions and future research 
Neither corn yield nor N-uptake were consistently affected by NP application 
during the entire 10-year period of the study. Differences in post-harvest soil 
concentrations of NH/-N or N03--N were rarely significantly different. In the 
fine-textured Iowa soils, a possible economic benefit could be obtained from plots 
with coarser soil texture when using NP combined with low rates of N fertilizer. For 
the fine-textured soils, no economic benefits are expected. No proof of 
environmental benefits due to application of NP was observed for the 10-year period 
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of this research. Hence, for the conditions of this study, no statistically significant 
differences would be expected due to the use of NP. 
In order to have a better understanding of the factors that may limit the 
response to spring-applied NP in fine-textured soils, a more elaborate study could be 
designed. Among other factors, close monitoring of nitrification rates, lag period 
phase of nitrification, N03- leaching, and denitrification should be considered. In 
addition, other rates and methods of application of NP may lead to a better 
understanding of the causes of a lack of response to NP. 
Table 14. Calculation of profits based on economic optimum N rates for corn yield in the continuous corn and the 
corn-so~bean rotations. 
Crop Farm Nitrapyrin Nitrogen Nitrogen Nitrogen Expected Yield Nitrap~in Simple Profit Balance for 
rotation use rate rate cos ta yield value cost profit for NP use 
description 40 ha 
kg ha·1 $ ha·1 kg ha·1 $ ha·1 $ ha·1 $ ha·1 $per 40 ha 
CCC Woodruff No EON Rd 164 54 8313 654 0.00 600 23996 
cc Woodruff Yes EONR 140 46 8718 686 7.40 632 25285 1289 
C-Sbe Woodruff No EONR 102 34 8507 669 0.00 636 25424 01 
O> 
C-Sb Woodruff Yes EONR 104 34 8481 667 7.40 625 25013 -411 
cc ISU Curtiss No EONR 276 91 8379 659 0.00 568 22723 
cc ISU Curtiss Yes EONR 223 74 7639 601 7.40 520 20794 -1929 
C-Sb ISU Curtiss No EONR 395 131 11188 880 0.00 750 29986 
C-Sb ISU Curtiss Yes EONR 324 107 9956 783 7.40 669 26755 -3231 
cc ISU Curtiss No Maximumt 224 74 7999 629 0.00 555 22210 
cc ISU Curtiss Yes Maximum 224 74 7643 601 7.40 520 20794 -1416 
C-Sb ISU Curtiss No Maximum 180 59 9058 713 0.00 653 26126 
C-Sb ISU Curtiss Yes Maximum 180 59 8756 689 7.40 622 24878 -1247 
• N estimated cost: $330.40 per 1000 kg 
b NP estimated cost: $13.22 per kg 
c CC = continuous corn 
d EONR = economic optimum N rate 
e C-Sb = com-soybean 
1 Maximum = maximum N rate used in this study for the crop rotation 
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